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Introduction {#s1}
============

Plasma medicine has emerged as one of the most recent developments to be actually based on plasma physics and chemistry. Plasma medicine is a new area of interdisciplinary research combining biology, chemistry and physics [@pone.0104559-Fridman1], [@pone.0104559-Vasilets1]. The numbers of fields finding application in medicine are increasing and include e. g. blood coagulation [@pone.0104559-Fridman1] and coblation surgery [@pone.0104559-Lloyd1], bio-decontamination [@pone.0104559-Moreau1]--[@pone.0104559-Daeschlein2], wound healing [@pone.0104559-Nosenko1], stimulation of tissue regeneration [@pone.0104559-Nastuta1], [@pone.0104559-Weltmann1] but interestingly, also contrary outcome, e. g. antiproliferative and antitumorigenic effects [@pone.0104559-Plewa1]. Effects of atmospheric gas plasmas on cancer cell signaling were recently discovered, e. g. PI3K/AKT inhibition by the elevated levels of cellular reactive oxygen species (ROS) [@pone.0104559-Ishaq1]. There is rapidly growing worldwide interest especially in the development and application of atmospheric pressure low-temperature plasma devices for biomedical applications [@pone.0104559-Graves1]. The application of gas plasma may have different effects on living matter. The lethal effect of plasma on various bacteria species has been studied extensively in recent years [@pone.0104559-Brandenburg1], [@pone.0104559-Kim1]. Investigations of Fröhling *et al*. [@pone.0104559-Frhling1] showed that even a short course of time is sufficient to inactivate the gram-positive *Listeria innocua* and the gram-negative *Escherichia coli*. An extensive investigation of Ermolaeva *et al*. [@pone.0104559-Ermolaeva1] also showed bactericidal effects of non-thermal plasma. A significant reduction of various pathogenic bacteria was shown in, inter alia, *Pseudomonas aeruginosa*, *Escherichia coli*, *Staphylocoocus aureus*, *Enterococcus faecium* and *Burkholderia cenocepacia*. In this connection, the study of Ermolaeva *et al*. [@pone.0104559-Ermolaeva1] as well showed that gram-negative bacteria were more susceptible to non-thermal plasma treatment than gram-positive bacteria and bacteria colonies in biofilms were less sensitive to non-thermal plasma treatment. Non-thermal gas plasmas as a therapeutic treatment option against various cancer cell lines have yielded promising results. Low-temperature plasma killed leukemia cells with increasing doses of exposure using a plasma pencil [@pone.0104559-Barekzi1]. Recent studies reported antiproliferative effects of a low-temperature plasma jet (helium flow in open air) in HCT116 colon carcinoma cells growing in a 3D environment using multi-cellular tumor spheroids [@pone.0104559-Plewa1].

Furthermore, cell physiological processes can be induced by plasma treatment that lead to increased tissue healing [@pone.0104559-Heinlin1]--[@pone.0104559-Stoffels1] but without disturbing e. g. the skin barrier or moisture [@pone.0104559-Daeschlein3]. In the healing process of tissues, the adhesion molecules of the cells play a crucial role for the cells\' adhesion, migration and proliferation and are therefore, responsible for many cell functions [@pone.0104559-Diegelmann1]--[@pone.0104559-Knittel1]. Integrins as transmembrane heterodimeric adhesion receptors are connected via their extracellular domain to extracellular matrix proteins in the surrounding tissue [@pone.0104559-Clark1], [@pone.0104559-Ekblom1]. In this connection, Haertel *et al*.. [@pone.0104559-Haertel1] recently revealed that plasma treatment leads to changes in the plasma membrane for phosphatidylserine residues (Annexin-V test) as well as in integrin receptor expression in HaCaT keratinocytes, which was accompanied by an increased level of intracellular reactive oxygen species. Reactive nitrogen and reactive oxygen species (RNS, ROS) are attributed a possible key role for the plasma effects on living matter [@pone.0104559-Graves1].

One of the key findings of basic research in plasma medicine of the last recent years is that several biological effects are mainly mediated by the liquid environment surrounding the cells [@pone.0104559-vonWoedtke1]. Simple liquids like water or physiological saline, respectively, develop antimicrobial activity after treatment by atmospheric pressure plasma. These effects are attributed to the generation of different low-molecular reactive species [@pone.0104559-Oehmigen1]--[@pone.0104559-Julak1]. Furthermore, plasma treatment of more complex liquids like cell culture media could induce various effects on living cells and their components [@pone.0104559-Hoentsch1]--[@pone.0104559-Schmidt1]. Plewa *et al.* have shown quite recently that plasma preconditioned media experienced the same antiproliferative effects on tumor cells as cells immersed in culture media exposed to the low-temperature plasma [@pone.0104559-Plewa1].

Regarding our previous work, the application of atmospheric pressure argon plasma inhibits attachment and vitality of epithelial cells suspended in a complete cell culture medium, whereby these effects amplify with increasing treatment time up to 120 s [@pone.0104559-Hoentsch1]. Furthermore, we observed the solely medium-mediated effect on cellular adhesion structures called tight junctions in mHepR1 epithelial cells after plasma treatment. The ZO-1 protein, which exhibits a characteristic marker for tight cell-cell contacts, was adversely affected and large openings could be recognised.

Based on this, in the present work we focused on determining whether argon plasma-treated, complete cell culture medium stored for one week is as effective for cell physiology as when applied immediately. For these experiments an atmospheric pressure argon plasma jet was used and murine liver epithelial cells mHepR1 were observed for the tight junction protein ZO-1, cell surface morphology, long-time cell adhesion and respiration. Furthermore, cell culture medium was analysed for changes in molecular oxygen content, pH value and hydrogen peroxide. The working hypothesis behind this research is if plasma-treated liquids additionally stored for longer time-periods are sufficient to induce biological effects.

Experimental design {#s2}
===================

1. Argon plasma source {#s2a}
----------------------

The experiments were carried out using the atmospheric pressure plasma jet (APPJ) kINPen 09. The APPJ source consists of a quartz capillary (inner diameter of 1.6 mm) in the middle of which a needle electrode (diameter of 1 mm) is mounted. A high-frequency (HF) voltage of 1.1 MHz/2--6 kV is applied at this electrode. Argon gas (purity \>99.996%) is used as feed gas with a gas flow of 1.9 slm. Despite dry gas is supplied out of the bottle, gas tubings may gather air humidity due to permeation and condensation effects in phases when the plasma jet is not operated and the tubings are not flushed. Gas humidity may influence significantly the effect of plasma treatment on cells [@pone.0104559-Winter1]. In order to reduce the variation of gas humidity, the plasma jet was allowed to warm-up for at least 15 min before experiments were started. Typically, the feed gas humidity after this period is less than 100 ppm. A gas discharge ignites at the tip of the high voltage needle, excites the argon gas and leads to the generation of a low temperature plasma which is blown out of the capillary. The so-called plasma jet outside the nozzle has a length of 12--14 mm and is about 1 mm wide. The temperature at the visible tip of the plasma jet does not exceed 50°C. The gas temperature has been measured by means of a fibre optic thermometer (Luxtron FOT Lab Kit + STF probe), placed end-on in the effluent of the plasma jet. The plasma radiation has been spectroscopically analysed by using a compact spectrometer (Avantes AvaSpec-3648) which was equipped with a cosine corrector. The latter was protected by a quartz disk from the direct influence of the plasma. In order to determine the UV-irradiance on a surface in a certain distance to the jet nozzle, the system was calibrated against a PTB traceable deuterium halogen lamp (Avantes AVAlight-DH-S-BAL). Particulars for the characterisation of the APPJ are given in Weltmann *et al.* [@pone.0104559-Weltmann1].

2. Argon plasma treatment of cell culture medium {#s2b}
------------------------------------------------

All experiments were conducted following the same procedure ([**Figure 1**](#pone-0104559-g001){ref-type="fig"}). Taking into consideration that the plasma effect is mediated by liquids [@pone.0104559-Plewa1], [@pone.0104559-vonWoedtke1], [@pone.0104559-Hoentsch1]--[@pone.0104559-Schmidt1], only the cell culture medium was treated with argon plasma or for some experiments (pH, oxygen) only with argon gas. For the argon plasma treatment, the front end of the quartz capillary was positioned at the height of the top edge of a 96-well plate so the plasma had immediate contact with the cell culture medium. Each well of a 96-well plate was provided with 100 µl DMEM (Dulbecco\'s Modified Eagle Medium, liquid, high glucose, Invitrogen) supplemented with 10% FBS (Fetal Bovine Serum "Gold", PAA Laboratories) and 1% gentamicin (Ratiopharm) and treated with argon plasma for 60 s in general, with the exception of ZO-1 experiments with additional 120 s. For the investigations of the long-lasting effect of plasma-treated DMEM on the tight junction protein ZO-1 and the cell membrane structure, the plasma-treated DMEM was first allowed to stand for 1 and 7 days (storage at 37°C and 5% CO~2~) before the plasma-treated DMEM was added to the mHepR1 monolayer (see 3.). Then, mHepR1 cells were incubated with the plasma-treated DMEM for 24 h at 37°C and 5% CO~2~ followed by preparations for immunofluorescence staining of ZO-1 (see 4.) and scanning electron microscopy (SEM, see 5.). For cell adhesion and respiration experiments, the plasma-treated DMEM was pooled (see procedure in [Figure 1](#pone-0104559-g001){ref-type="fig"}, final amount for the flow system: 50 ml) and first allowed to stand for 4 days at 37°C and 5% CO~2~ before adding to the mHepR1 monolayer on the metabolic chips (see 6.). To exclude negative thermal effects, the temperature was directly measured in DMEM during plasma treatment (see [Figure 1](#pone-0104559-g001){ref-type="fig"}, left image) using the fiber optic thermometer. The temperature probe was placed through a hole in the wall of a well at the bottom of it. The hole was sealed by means of adhesive tape. This optical sensor technology is based on the fluorescence decay time of a special thermo-sensitive phosphorescent (phosphor) sensor, to the end of a fiber optic probe.

![Workflow.\
Cell biological investigations after cultivation with argon plasma-treated, long-time stored cell medium DMEM.](pone.0104559.g001){#pone-0104559-g001}

3. Cell culture {#s2c}
---------------

The epithelial cell line mHepR1 (murine hepatocytes) [@pone.0104559-Nebe1] was used throughout the experiments. The immortalised mHepR1 cells represent a clone of the HepSV40 line derived from transgenic mice [@pone.0104559-Nebe1] and exhibits characteristic markers for epithelial cells like the tight-junction-associated protein ZO-1. The epithelial cells were cultured in DMEM (Dulbecco\'s Modified Eagle Medium, liquid, high glucose, Invitrogen) supplemented with 10% FBS (Fetal Bovine Serum "Gold", PAA Laboratories) and 1% gentamicin (Ratiopharm) at 37°C and 5% CO~2~. The mHepR1-monolayer in a cell culture flask was detached enzymatically by 0.25% trypsin/0.38% ethylenediamine tetraacetic acid (Invitrogen). After trypsinisation (trypsinisation process was stopped by the addition of complete medium) the cell number was determined by a Neubauer counting chamber (Brand) and 5×10^4^ cells/well were seeded into a 24-well plate (Greiner), which was provided with a round cover slip (diameter of 12 mm, MENZEL) and filled up to a total volume of 1 ml per well using complete DMEM as described. The mHepR1 cells were incubated for 2 d at 37°C and 5% CO~2~ to achieve a confluency of nearly 100% for ZO-1 and microvilli observations.

4. Immunofluorescence staining of ZO-1 {#s2d}
--------------------------------------

The long-lasting plasma effect on the zonula occludens (ZO-1) tight-junction protein was investigated.

For this purpose, 1 ml of fresh DMEM was treated with plasma in a 96-well plate (20×100 µl, Greiner) using the treatment times of 60 s and 120 s followed by a standing time of 1 and/or 7 days. The mHepR1 cells were seeded into a 24-well plate (5×10^4^cells/well) 2 days before expiry of the standing time of the plasma-treated DMEM. After achieving a confluency of nearly 100% within these 2 days, the old DMEM was removed and the plasma-treated DMEM or control medium was added to the mHepR1 monolayer. These cells were subsequently incubated for 24 h at 37°C and 5% CO~2~ followed by the immunofluorescence staining of the ZO-1 protein.

The cells were permeabilised with ice-cold acetone (−20°C, 200 µl, Lab-Scan) for 5 min and, after washing three times with phosphate buffer solution (PBS) (PAA Laboratories), the cells were incubated with rabbit anti-ZO-1 antibody (diluted 1∶100, 100 µl, Invitrogen) for 30 min at room temperature. Afterwards, the cells were again washed three times with PBS and incubated with fluorescein-conjugated Alexa Fluor 488 secondary antibody goat-anti-rabbit (1∶100, 100 µl, Invitrogen) for 30 min at room temperature in the dark to avoid a fading of the fluorescent dye. Finally, after washing (3×) with PBS, the cells were embedded on slides with fluorescence mounting medium (Eukitt). The ZO-1 protein was analysed by an inverted light microscope (AxioObserver.Z1, Carl Zeiss) and images were taken by AxioCamMRm.

5. Preparation for scanning electron microscopy {#s2e}
-----------------------------------------------

The plasma treatment preceding the investigations of the cell surface structure followed the same experimental procedure as for the ZO-1 studies (see [Figure 1](#pone-0104559-g001){ref-type="fig"}). After the 24 h incubation period with the plasma-treated DMEM at 37°C and 5% CO~2~, the mHepR1 monolayer was washed three times with PBS and subsequently fixed in 0.5% glutardialdehyde (GDA) (SIGMA-ALDRICH) in PBS. In order to accomplish the formation of highly cross-linked, insoluble protein aggregates the samples were stored for at least 24 h at 4°C. Afterwards the mHepR1 monolayer was critical point dried. For this purpose the GDA-PBS solution was first gradually removed by drainage using acetone with increasing concentrations of 30, 50, 70, 90 and 100% for 10 s, 5, 10, and 15 min and twice for 10 min, respectively. Subsequently, the acetone was substituted by critical point drying (K 850 EMITECH) and then samples were sputter coated with gold particles for 100 s (layer thickness ca 20 nm), achieving a conductive dissipation for scanning electron microscopy (SEM). The cell surface structure was analysed with a DSM 960 A (Carl Zeiss), operated at 10 kV and with a FE-SEM Merlin VP compact (Carl Zeiss), operated at 5 kV for high magnification imaging (15,000×) of microvilli. The images were imported into the iTEM imaging software (version 5.0, Olympus Soft Imaging Solutions) for measurements of microvilli length (in µm) using the calibrated iTEM free line measurement tool in a picture overlay mode. Nearly 100 microvilli per image (n = 5) were finally measured and the corresponding data were exported into Microsoft Excel worksheets for statistical analysis.

6. Continuous measurements of adhesion and respiration {#s2f}
------------------------------------------------------

The Bionas 1500 analysing system with the SC 1000 metabolic chips (Bionas GmbH) was described earlier [@pone.0104559-Rebl1]. This chip type is equipped with IDES (interdigitated electrode structures) sensors for cell adhesion and Clark-type sensors for respiration. For cell adhesion observations on living cells, the impedance was measured to detect insulating cell membranes near the measuring electrodes. Sinusoidally oscillating fields with a frequency of 10 kHz are used [@pone.0104559-Ehret1]. The insulating cell membrane of intact cells on the electrodes and their distance to the electrodes determine the current flow and thus the sensor signal. When the membranes are destroyed or cell-cell contacts are opened, there are less obstacles for an oscillating electrical field compared to the situation with intact cells. Thus higher capacitance and resistance values indicate the presence of damaged or opened cell membranes on the IDES.

The chips were decontaminated with ethanol and washed with PBS (PAA Laboratories) prior to the experiments. 150,000 cells were allowed to grow on the chips prior to the experiment for 24 h at 37°C and 5% CO~2~. The technology is based on a flow system, where fresh medium (in our experiments DMEM with 10% FBS, argon plasma-treated) is steadily supplied to the cells. To prevent contamination, the medium racks were sealed with a sterile membrane (BREATHseal, Greiner Bio-One) which could be penetrated easily by the aspiration needle. During the entire course of the experiment a pump phase of 4 min was followed by a steady phase (no flow) of 4 min. The flow rate in the system was adjusted to the lowest value of 56 µl/min to avoid shear stress. The temperature in the operating chamber was 37°C. After 24 h the flow medium was changed to 1% Triton X-100 (Sigma-Aldrich) diluted in PBS to disintegrate the cell membranes. The values obtained at this time point were referred to as 0% adhesion and respiration, respectively. 100% adhesion and respiration corresponds to the values of capacitance of intact cells just before the addition of the argon plasma-treated medium. Cell adhesion was calculated using the program Bionas analyser (Bionas 1500 Data Analyser, Version 1.07). For further processing of the values the software Microsoft Excel (Microsoft Office 2007) was used.

7. Measurements of hydrogen peroxide, pH and oxygen in the medium {#s2g}
-----------------------------------------------------------------

To exclude the possibility of the long-lasting plasma effect of DMEM on cell physiology being caused by a change in the pH-value, hydrogen peroxide formation or a decrease of oxygen in the medium, these three parameters were evaluated.

*pH*: Fresh, complete DMEM (2 ml) was plasma-treated in a 96-well plate (20×100 µl) for 60 s, pooled and analysed by a pH-meter (SevenEasy METTLER TOLEDO) directly after plasma treatment as well as 1 d after plasma treatment. The pH measurements were conducted three times.

*H~2~O~2~*: The concentration of hydrogen peroxide was determined semi-quantitatively using peroxide test strips (Quantofix MACHERY-NAGEL). 100 µl of fresh, complete DMEM was plasma-treated for 60 s in a 96-well plate and the concentration of hydrogen peroxide was measured after 0, 0.5, 1, 2 and 24 h. The measurements of the concentrations of hydrogen peroxide in the 60 s plasma-treated DMEM were carried out 7 times.

*O~2~*: The oxygen content in the medium after plasma treatment was measured by an optical needle-type oxygen microsensor (Oxygen Micro-Optode, Type PSt1; Presens) connected to the Microx TX3 (Presens). For this purpose, 3×100 µl of fresh, complete DMEM was plasma-treated for 60 and 120 s in a 96-well plate. Medium was pooled from 3 wells and oxygen was quantified in the middle of the fluid volume. Experiments for plasma treatment and O~2~ measurement were repeated three times. The medium was stored for 1 and 24 h at 37°C and 5% CO~2~.

8. Gel filtration chromatography {#s2h}
--------------------------------

Gel filtration chromatography is a method to separate molecules according to size. Gel-filtration experiments were performed on a GE-Healthcare high-performance liquid chromatography (HPLC) system (Freiburg, Germany) at a constant flow rate of 0.5 ml/min for 50 min. Separation was carried out on a Superdex 200 column (GE-Healthcare, Freiburg, Germany) using phosphate buffer (200 mM NaCl, 1.25 mM NaH~2~PO~4~, 3.5 mM Na~2~HPO~4~) as a separation buffer. The sample protein concentration was measured according to Bradford [@pone.0104559-Bradford1] and samples were diluted with distilled water to a concentration of 4 mg/ml. Fresh, complete DMEM (1 ml) was plasma-treated in a 96-well plate (20×100 µl) for 60 s and pooled. For gel filtration analysis, 500 µl of the sample was applied by injection. In the resulting histogram the large molecules appear in the first peak; the smaller the molecules, the more they are positioned to the right.

9. Statistics {#s2i}
-------------

Statistical analyses were performed with SPSS-software version 15.0 for Windows (SPSS Inc., Chicago). The unpaired *t*-test was used for samples with normal distribution (pretest: Kolomogorov-Smirnov), otherwise the Mann-Whitney *U*-test (H~2~O~2~ analysis). Data were presented as a mean ± a standard error of the mean (SEM). Results of p\<0.05 were considered significant (\*p\<0.05; \*\*p\<0.01; \*\*\*p\<0.001).

Results {#s3}
=======

The spectral analysis of the used argon plasma source is shown in [**Figure 2**](#pone-0104559-g002){ref-type="fig"}. Possible biological hazards due to the UV radiation (300--380 nm) could be excluded, since UV-A and UV-B radiation are generated at a low intensity. In recent studies using keratinocytes it could be demonstrated, that UV radiation delivered by APPJ treatment is not the main route of plasma-cell interaction [@pone.0104559-Wende1]. Close to a wavelength of 310 nm, an emission peak of hydroxyl radicals (OH) is seen. The peaks in the wavelength range of 313--400 nm resulted from the emission of molecular nitrogen. In the visible (380--780 nm) and near-infrared region (\>780 nm), emission lines of argon were revealed, starting at wavelengths higher than 690 nm.

![Overview spectrum of the argon plasma source at a gas flow rate of 1.9 slm.\
Notice the emission peak of reactive species of hydroxyl radicals at a wavelength of 310 nm. The emission lines at a wavelength of 690 nm are generated by the inert gas argon.](pone.0104559.g002){#pone-0104559-g002}

To exclude negative thermal effects in the medium, temperature measurements during plasma treatment were conducted. As shown in [**Figure 3**](#pone-0104559-g003){ref-type="fig"}, the temperature in the DMEM averages 25°C and remains constant up to a plasma treatment time of 180 s.

![Argon plasma treatment and medium temperature.\
The average temperature in DMEM during plasma treatment up to 120 s is 25°C and remains constant up to a plasma treatment time of 180 s. Thus, negative thermal effects in the plasma-treated cell culture medium DMEM are excluded.](pone.0104559.g003){#pone-0104559-g003}

In our recent work [@pone.0104559-Hoentsch1], we found out that plasma effects on cells correspond to the plasma-medium interaction and thus plasma-treated DMEM alone is able to open cell-cell contacts in a confluent cell monolayer of mHepR1. As a result of these findings, the question arose of how long-lasting atmospheric pressure plasma-treated DMEM affects cell physiology and morphology, e. g. the tight junctions between the mHepR1 cells. For this purpose, the DMEM was plasma-treated for 60 and 120 s, stored for 1 and 7 days and then added to the mHepR1 monolayer followed by a subsequent cultivation period of 24 h and immunofluorescence staining of ZO-1 (see [Figure 1](#pone-0104559-g001){ref-type="fig"}). Normally, untreated cells present clear, continuous ZO-1 bands between adjoining cells throughout the whole cell monolayer as shown in [**Figure 4**](#pone-0104559-g004){ref-type="fig"}. In contrast, large intercellular openings were observed between the adjoining cells when plasma-treated DMEM (60 s) was stored up to 1 day before adding it to the mHepR1 monolayer ([Figure 4a](#pone-0104559-g004){ref-type="fig"}). Interestingly, even after 7 days of storage these plasma-mediated effects on tight junctions were observed, exhibiting an irregular distribution of the ZO-1 protein running centripetally (60 s) as well as a complete loss of the cell-cell contacts (120 s) ([Figures 4a,b](#pone-0104559-g004){ref-type="fig"}). The whole spectrum of tight junction alterations of one cell monolayer due to the 120 s plasma-treated medium is to be seen in [Figure 4b](#pone-0104559-g004){ref-type="fig"} ranging from a complete loss of cell-cell contacts (as indicated by the arrow) until a centripetal retraction of the ZO-1 protein in the cytoplasm or showing some fragmented tight junctions.

![Tight junction architecture in the mHepR1 epithelial cell monolayer.\
*a)* Note the continuous ZO-1 bands between mHepR1 cells in normal, untreated cell medium DMEM (left column). In contrast, 60 s plasma-treated DMEM stored for 1 d induces large openings between cell margins (arrow, right above), indicating a break of tight junctions. Plasma-treated DMEM (60 s) stored for 7 d induces an irregular cytoplasmic distribution of the ZO-1 proteins (arrow, right below). (AxioObserver.Z1, Carl Zeiss, bars = 5, 10 µm). *b)* The plasma treatment time of 120 s of the DMEM and storage of 7 d induces not only a retraction of the ZO-1 protein into the cytoplasm but also a nearly complete loss of the cell-cell contacts (arrow), while normal cells show a strong bonding (arrowhead). Note the long-lasting argon plasma effect of cell medium on structural organisation of cells. (AxioObserver.Z1, bar = 50 µm, the windows indicate the areas of the magnified view below).](pone.0104559.g004){#pone-0104559-g004}

Because cell morphology has an impact on cell physiology we investigated how the cell surface structure is affected by plasma-treated DMEM. To this end, the DMEM was plasma-treated for 60 s and was allowed to stand for 1 and 7 days. After completion of the standing time, the plasma-treated DMEM was added to the mHepR1 monolayer, incubated for 24 h and the cells were prepared for SEM. Untreated mHepR1 cells present elongated microvilli (median 0.32 µm in length) covering the cell surface with a high density ([**Figure 5**](#pone-0104559-g005){ref-type="fig"}), which was even visible on argon-treated cells (not shown). In contrast, the plasma-treated mHepR1 cells show significantly shortened microvilli (median 0.16 µm) (p\<0.001, *t*-test, n = 410--500 microvilli) and their density over the entire cell surface is reduced. Interestingly, the plasma-treated DMEM shows a long-lasting effect also on the cell surface structure.

![Cell membrane morphology of mHepR1 cells.\
*a)* The surface structure of cells after 24 h in normal, untreated medium (left column) presents elongated microvilli with high densities, which extend over the entire cell surface. In contrast, the mHepR1 cells in 60 s plasma-treated medium (right column) show extremely shortened microvilli accompanied by a reduced density (bar = 4 µm, 5,000× magnification, SEM DSM 960 A, Carl Zeiss). *b)* The significantly shortened microvilli are impressively visible using a higher magnification (bar = 2 µm, 15,000× magnification, FE-SEM Zeiss Merlin VP compact, Carl Zeiss) (p\<0.001, student\'s *t-*test, n = 410--500 microvilli). *c)* Scheme: microvilli at the cell surface in normal epithelial cells (left) and cells exposed to plasma-treated DMEM (right).](pone.0104559.g005){#pone-0104559-g005}

Given the knowledge that reactive oxygen species, e. g. hydroxyl radicals, are generated in the plasma (see [Figure 2](#pone-0104559-g002){ref-type="fig"}) and these short-living species may influence the chemical composition of the cell culture medium DMEM, influential factors such as pH and hydrogen peroxide were determined. For the pH measurements, fresh, complete DMEM was plasma-treated for 60 s and the pH was determined directly after plasma treatment or 1 day after plasma treatment. The concentration of hydrogen peroxide was determined in 60 s plasma-treated DMEM for up to 1 day. As shown in [**Figure 6**](#pone-0104559-g006){ref-type="fig"}, the pH values of untreated *vs*. argon-treated (control) *vs.* plasma-treated DMEM directly (0 h) or 1 day after plasma treatment revealed no decisive pH changes. Although plasma treatment of DMEM immediately induced the formation of hydrogen peroxide as shown in [**Figure 7**](#pone-0104559-g007){ref-type="fig"}, the concentration decreases continuously over the time period up to 1 day. The oxygen content of the cell culture medium DMEM is seen in [**Table 1**](#pone-0104559-t001){ref-type="table"} and [**Figure 8**](#pone-0104559-g008){ref-type="fig"}. It could be observed that plasma already decreased molecular oxygen concentration by half after plasma treatment of 60 s. Interestingly, after one day the oxygen content is equalised and therefore hypoxia may not contribute to the cellular effects observed after storing the medium for 7 days. However, treatment with pure argon gas also reduced the oxygen concentration. This is not surprising, because purging with argon is a usual method for oxygen elimination in solvents used for sensitive chemical reactions [@pone.0104559-Battino1].

![pH measurement of 60 s plasma-treated DMEM.\
No decisive pH change is to be seen 0 h and 1 d after plasma treatment. (n = 3).](pone.0104559.g006){#pone-0104559-g006}

![Concentration of hydrogen peroxide in 60 s plasma-treated DMEM.\
Note the continuous decrease of hydrogen peroxide over various time periods. (n = 7, Mann-Whitney *U*-test, \*\*\*p\<0.001).](pone.0104559.g007){#pone-0104559-g007}

![Oxygen content of 60 s plasma-treated DMEM.\
Note that in the plasma-treated complete DMEM the molecular oxygen concentration is decreased by half, which is equalised after only one day. (PreSens oxygen sensor, n = 3, student\'s *t*-test, \*p\<0.05, \*\* p\<0.01, \*\*\*p\<0.001).](pone.0104559.g008){#pone-0104559-g008}

10.1371/journal.pone.0104559.t001

###### Oxygen content of cell culture medium immediately after plasma treatment for 60 and 120 s. (PreSens oxygen sensor, mean ± SD, n = 3; student\'s *t*-test).

![](pone.0104559.t001){#pone-0104559-t001-1}

  Treatment time    DMEM control (in %)                   DMEM+Ar (in %)                                  DMEM+Plasma (in %)
  ---------------- --------------------- ------------------------------------------------- -------------------------------------------------
  **60 s**              22.92±0.54        16.16±0.59[\*\*\*](#nt103){ref-type="table-fn"}   12.61±1.61[\*\*\*](#nt103){ref-type="table-fn"}
  **120 s**             21.74±3.17                          14,71±3.12                        10.90±2.18[\*](#nt102){ref-type="table-fn"}

\*p\<0.05 *vs.* untreated,

\*\*\*p\<0.001 *vs.* untreated.

Further investigations on the effect of plasma-treatment in medium revealed an increasing peak in gel filtration experiments ([**Figure 9**](#pone-0104559-g009){ref-type="fig"}). In these experiments we separated complete medium (DMEM+10% FCS) by gel filtration and detected an additional peak upon plasma treatment compared to argon gas treatment (as control). Interestingly, peak height increased dependent on the treatment time (see [Figure 9c,d](#pone-0104559-g009){ref-type="fig"}). This increase can be observed also in medium phenol red-free, antibiotics-free or serum-free (not shown). Whether this result is of importance for the effects of plasma treatment on cell viability awaits further analysis.

![Representative gel filtration chromatogram resulting from: (a) application of untreated complete medium, (b) complete argon-gas treated medium, (c) complete medium with 60 s or (d) 120 s of plasma treatment.\
The arrowheads mark the one peak which alters considerably after plasma treatment. (n = 6 independent experiments).](pone.0104559.g009){#pone-0104559-g009}

Online measurements of cell adhesion ([**Figure 10**](#pone-0104559-g010){ref-type="fig"}) and oxygen consumption ([**Figure 11**](#pone-0104559-g011){ref-type="fig"}) in vital, adherent mHep-R1 cells revealed that the effects can be seen at nearly all different time points gathered. The adhesion (investigated by impedance measurements) is not affected for roughly 5 hours after addition of the plasma-treated medium. After 6 h the cell adhesion decreases slightly, but steadily down to a value of 20%. In contrast, the respiration of the cells is blocked immediately after addition of the argon plasma-treated, 4 day stored medium. This decrease of about 20% remains constant for approx. 6 h. After this time point the respiration decreases further, down to 50% after 22 h. This slight decrease is in accordance with the decrease of cell adhesion.

![Online-monitoring of cell adhesion of living mHepR1 cells.\
Note that complete DMEM plasma-treated for 60 s, which was stored for 4 days at 37°C, induced the cells to detach from the sensor chip indicating the loss of adhesion capacity. The arrow indicates the time point of medium addition. (Bionas 1500 analysing system, n = 3, student\'s *t*-test \* p\<0.05 for all values from the time point of 4 hours).](pone.0104559.g010){#pone-0104559-g010}

![Online-monitoring of respiration of living mHepR1 epithelial cells.\
Note that the respiration is immediately disturbed after addition of complete DMEM plasma-treated for 60 s (arrow) which was stored for 4 days at 37°C. (Bionas 1500 analysing system, n = 3, student\'s *t*-test \* p\<0.05 for all values from the time point of 3.5 hours).](pone.0104559.g011){#pone-0104559-g011}

Discussion {#s4}
==========

An atmospheric pressure argon plasma jet [@pone.0104559-Weltmann1] was used throughout the experiments. For the application of the plasma device, a characterisation was firstly performed. To eliminate plasma effects due to thermal damage to living matter or differential proteins in cell culture medium, the temperature was measured directly in the cell culture medium during a plasma treatment of up to 480 s. Temperatures over 40°C are to be regarded as critical in general [@pone.0104559-Weltmann1]. The temperature remained almost constant up to a treatment time of 180 s. The cell culture medium did not exceed a temperature of 25°C and thus thermal damage could be excluded. Only with a treatment time of nearly 420 s a strong increase in temperature could be measured, caused by intense evaporation of the cell culture medium. Concerning evaporation - we could observe a slight liquid evaporation already after the 60 s treatment of 100 µl DMEM with argon plasma (n = 6, remaining volume mean = 75.6 µl). However, in the first experiment with evaporated DMEM (with argon gas, down to 75 µl) we could not find any effects on morphology/attachment (light microscopy) and vitality (via MTS-test) (C. Hoppe, personal communication).

Dependent on the process gas, the composition of the plasma radiation may vary. In *in vitro* experiments of Zhang *et al*.. [@pone.0104559-Zhang1], an emission spectrum of the plasma was recorded. Argon as the process gas and an admixture of 2.5% oxygen resulted in a high proportion of reactive oxygen and nitrogen species (ROS, RNS) and shares of ionised hydrogen (H~α~) in the spectral analysis. Using the pure process gas argon as in our experiments, a spectral analysis of the argon plasma revealed small amounts of hydroxyl radicals and molecular nitrogen. High levels of nitrogen species, as well as shares of ionised hydrogen could not be ascertained. Therefore, it can be assumed here that the reactive oxygen species can be assigned a key role as an active plasma component.

Adding oxygen, nitrogen or air to argon-operated atmospheric pressure plasmas leads to enhanced production of ROS and RNS, respectively [@pone.0104559-Zhang1], [@pone.0104559-Pipa1]. In the present case, the plasma jet was operated with pure argon; nevertheless, optical emission spectroscopy revealed the presence of hydroxyl radicals and atomic oxygen. It has been shown on a kINPen plasma source that ambient oxygen and nitrogen surrounding the effluent can be a source of ROS/RNS in a cellular plasma treatment [@pone.0104559-Reuter1]. We can assume that these species are also present in our case. The presence of OH emission bands reveals that water dissociation occurs within the plasma zone. This humidity can originate from feed gas impurities and can also contribute significantly to biological effects [@pone.0104559-Winter1].

A biological liquid-mediated effect of plasma treatment was observed for the first time by our group on tight junctions, jointly responsible for cell-cell connections [@pone.0104559-Hoentsch1]. Large openings were observed which led to the complete degradation of the cell connections. Surprisingly, in the present work cell culture medium which was plasma treated and then stored for more than seven days was still effective in inducing these cell morphological changes. A retraction of the ZO-1 protein from the cell membrane occurred which was accompanied by an increased degradation of ZO-1. Going into this work in detail, the immunostaining of the zonula occludens (ZO-1) tight junction protein in untreated mHepR1 cells revealed that ZO-1 is localised at the cell margin, expressing continuous ZO-1 bands which connect the adjacent cells. The ZO-1 protein is located in the submembranous domain of the tight junctions and is associated *via* the transmembrane proteins occludin and claudin with the actin cytoskeleton [@pone.0104559-Orbn1]. Due to this, the cells are strengthened in their stability and relate to their neighboring cells in a closely connected way. Other authors described that pharmacological substances led to changes in the protein composition and expression and local distribution of tight junctions, as observed in epithelial Madine-Darby canine kidney cells by Bojarski *et al.* [@pone.0104559-Bojarski1]. These cells were treated with the protein kinase inhibitor staurosporine to artificially initiate apoptosis. In addition, the continuous ZO-1 bands disappeared and partially joined to form an irregular distribution of the ZO-1 in the cytoplasm [@pone.0104559-Bojarski1]. Similar results have been published in connection with calcium deficiency and induction of hypoxia [@pone.0104559-Siliciano1], [@pone.0104559-Kimura1]. You *et al.* [@pone.0104559-You1] observed a disruption of the pulmonal epithelial barrier in neonatal animals induced by hyperoxia, which is, at least in part, due to massive deterioration in the expression and localisation of key tight junction proteins. Tight junction openings were also observed in human lens epithelial cells *in vitro* after incubation with a T-calcium channel inhibitor (10--20 µM Mibefradil) [@pone.0104559-Weidmann1]. Due to this inhibitor an increase in apoptosis was observed, but not in proliferation. However, the carcinogenic potential of the cells after tight junction openings remains to be investigated.

Although there is increasing evidence that plasma treatment promotes the healing process of tissue and accelerates wound healing [@pone.0104559-Heinlin1]--[@pone.0104559-Daeschlein3], [@pone.0104559-Emmert1], however the data reported here put forward the idea that argon plasma-treated liquids alter epithelial cell monolayer and impair cell adhesion. These are opposite evidences and should be discussed. This point can be interpreted in two ways. (i) Sensitivity of *in vitro vs. in vivo*: concerning wound healing the skin is a complex architectural multilayer and not comparable with an in vitro epithelial monolayer presented here. We know from in vitro *vs.* in vivo approaches using copper as anti-microbial agents on implant surfaces that the cell monolayer in vitro is much more sensitive to agents because there are no cells in the "second row" to protect or replace the apical cell row. Thus, Hoene *et al.* [@pone.0104559-Hoene1] reported that copper coated titanium caused solely a moderately increased local inflammatory response in the rat musculature. In contrast, other studies in vitro revealed strong cytotoxicity of titanium-copper in an osteoblast monolayer [@pone.0104559-Stranak1]. (ii) Penetration depth: providing that opening of cell-cell contacts by plasma treatment also function in vivo -- and hints for that are found by Fluhr *et al.* [@pone.0104559-Fluhr1] (due to tissue-tolerable electrical plasma increase in transepidermal water loss in vivo indicating an impaired skin barrier function) -- the openings of tight junctions could have a positive effect for the penetration of conventional therapeutics (antibiotics, disinfectants) on skin. Often, the application of conventional liquid antiseptics is not sufficient and sustainable as the borders and the surrounding of chronic wounds frequently consist of sclerotic skin, impeding an effectual penetration of these products [@pone.0104559-Lademann1].

The formations of cell surface structures, e. g. microvilli are essential for characteristic functions of specialised cells in tissues. Microvilli primarily serve to increase the cell surface for an optimal metabolite exchange and, moreover, microvilli are responsible for the coordination between glycolysis and oxidative phosphorylation, regulation of cellular functions by external signals, as well as for Ca^2+^ signaling [@pone.0104559-Lange1]. Our morphological investigations of the mHepR1 cell surface using scanning electron microscopy revealed shortened microvilli with a lower density or rather a loss of microvilli after plasma treatment. A global loss of microvilli on alveolar cells was also detected in the work of Niset *et al.* [@pone.0104559-Nizet1] when they performed studies on bacterial infections of the respiratory tract promoted by pneumonia or lung injury. Besides bacterial causes, also various toxins induce cell membrane damage accompanied by the loss of microvilli. As early as 1976 Pfister and Burstein [@pone.0104559-Pfister1] studied the effect of ophthalmic drugs, e. g. neopolycin, benzalkonium chloride, on corneal epithelial cells. They observed the loss of surface epithelial microvilli as well as rupture of the tight junctions. These observations are similar to our results presented here after incubating cells with plasma-treated and long-time stored medium, though the effect of plasma treatment on cell surfaces has hitherto not been examined.

Therefore, it was clear that the plasma effect is not only mediated by liquids but is also long-lasting in its effectivity. Considering these observations, it was assumed that plasma-induced changes in medium components are responsible. For this reason, a first analysis of the cell culture medium DMEM after plasma exposure was carried out. In our experiments the pH value remained constant, as expected. The buffering capacity of sodium hydrogen carbonate in the cell culture medium was sufficient to maintain the pH even after a plasma treatment.

Plasma-liquid interactions were studied in the work of Oehmigen *et al*.. [@pone.0104559-Oehmigen1] and von Woedtke *et al*.. [@pone.0104559-vonWoedtke2] relating to the effective disinfection of liquids. In their studies the inactivation of bacteria is strongly dependent on the acidification of aqueous liquids (pH decrease). Beyond the finding that the inactivation of bacteria is dependent on acidic liquids, the bactericidal efficacy is increased by plasma-generated chemical species, e. g. nitrate and hydrogen peroxide. In particular, the redox amphoteric hydrogen peroxide was found in liquids after plasma treatment in various studies [@pone.0104559-Nosenko1], [@pone.0104559-Oehmigen2], [@pone.0104559-Shainsky1]. Hydrogen peroxide also occurs in the cell metabolism of oxygen as a by-product and can be degraded in the cell by various repair and protection mechanisms. However, hydrogen peroxide reacts with bivalent iron in the Fenton-reaction to generate hydroxyl radicals and trivalent iron [@pone.0104559-Wenner1]. This formation of hydroxyl radicals could be enhanced by an additional amount of hydrogen peroxide induced by plasma treatment. So hydrogen peroxide was detected in high concentrations, in particular directly after plasma treatment. The disturbances in the redox state cause oxidation of lipids, proteins and nucleic acids in their surroundings, which may lead to lethal cell damage. These possible plasma effects in interaction with living matter have already been described [@pone.0104559-Dobrynin1]. In our work, the measurements of the concentrations of hydrogen peroxide showed that hydrogen peroxide strongly decreased even after two hours and it was no longer detectable one day after plasma treatment for 60 s. Hydrogen peroxide tends to rapidly decompose into water and molecular oxygen [@pone.0104559-Riedel1]. This decomposition reaction can be accelerated, especially by ferrous catalysts, where more molecular oxygen is released from liquids. A catalysed decomposition of hydrogen peroxide can be carried out *via* iron nitrate, which is found in the cell culture medium DMEM.

In a recent paper, Kalghatgi *et al*.. [@pone.0104559-Kalghatgi1] demonstrated an induction of DNA damage in mammalian breast epithelial cells by a plasma-treated cell culture medium (DMEM). This effect was not reduced if the medium was stored up to one hour prior to addition to the cells. The authors hypothesised that this retained biological effect of a plasma-treated cell culture medium is caused by the formation of stable organic peroxides from medium compounds like amino acids [@pone.0104559-Kalghatgi1]. Formation of stable peroxides from amino acids and proteins by ROS like the OH radical is a known process [@pone.0104559-Gebicki1]. In recent years, an active discussion has started about the truly complex ROS chemistry in plasma-treated liquids, including reactive species like the OH radical, hyperoxide anion, and also the relatively stable hydrogen peroxide and its biological effects [@pone.0104559-vonWoedtke1], [@pone.0104559-Oehmigen1], [@pone.0104559-Pipa1], [@pone.0104559-Lukes1], [@pone.0104559-vanGils1]--[@pone.0104559-Stoffels2]. Both the persisting biological effect in plasma-treated cell culture medium up to seven days and the strongly decreasing hydrogen peroxide concentration in the medium during the first day after plasma treatment as presented in this paper could support the hypothesis of the formation of stable organic peroxides in a cell culture medium by plasma-induced ROS chemistry. In future studies on long-time stored liquids we have to shed light on the question which stable liquid components influence cell physiology and morphology.

Conclusions {#s5}
===========

The efficacy of plasma-treated complete cell culture medium DMEM stored for one week and its impact on the cell physiology of epithelial mHepR1 cells was ascertained. We discovered that the liquid-mediated effect of atmospheric pressure argon plasma on epithelial cells persists through up to one week of storage. Although our first chemical analyses revealed that temperature and pH (both were constant), hydrogen peroxide production and oxygen content (both decrease within one day) can be excluded as initiators of cellular changes after one week, cells growing in a monolayer were attacked. We observed a loss of cell-cell contacts and cell adhesion accompanied by a reduced cell respiration capacity. The microvilli on the cell membrane lost their intensity of expression. Both the persisting biological effect in a plasma-treated cell culture medium and the strongly decreasing hydrogen peroxide concentration in the medium during the first day after plasma treatment could support the hypothesis of the formation of stable organic peroxides in a cell culture medium by plasma-induced ROS chemistry.

The here observed persisting biological effect in plasma-treated liquids could open new medical applications. The vision could be the establishment of local plasma centers to prepare relatively stable plasma-treated liquids for dermatological (chronical wounds, tumors), dental (periimplantitis) or orthopaedic (joint rinsing) applications to support or replace the conventional therapy.
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